In this study microscopic gas bubbles (7-12 μm diameter) suspended in water were optically trapped in a custom-built microfluidic slide using holographically generated Laguerre-Gaussian ('doughnut') beam optical tweezers. The optical potential was then characterized as a function of bubble size, trapping laser power and trapping beam diameter (Laguerre-Gaussian beam mode) using the trap spring constant in the plane transverse to the beam propagation direction, obtained from the position fluctuations of the bubble in the trap measured by video microscopy and particle tracking. It was found that microbubbles were held at the equilibrium position of buoyant and optical forces at a distance from the focus of the beam that increased with laser power, and that optical trapping in this configuration was only possible within a specific range of trap and bubble parameters. Furthermore an optimum size of the doughnut beam to microbubble diameter which maximized the transverse spring constant was found . A ray optics model of the optical forces acting on microbubbles in a focused Laguerre-Gaussian beam was used in order to calculate the trap spring constants and equilibrium trapping position as a function of the different parameters, and highlight key physical behaviours.
INTRODUCTION
Optical tweezers offer a powerful technique for the non-contact manipulation of colloidal materials, ranging from the nanoscopic [1] to the microscopic [2] regime. It was Ashkin et al. [3] who first demonstrated that a strongly focused laser beam could exert a significant force on dielectric particles with a higher refractive index than the medium in which they were suspended that was sufficient to confine them to the beam waist.
Gas bubbles on the order of 1-10μm in radius and stabilized by a coating of biological surfactant [4] have found use as contrast agents for ultrasound imaging and, more recently, have shown a clear potential as targeted drug delivery vectors [5] . The characterisation of the acoustical properties of these microbubbles is important in order to validate simulations and improve their design, thereby leading to safer, more clinically effective and cost-effective medical products. In order to perform this characterization at the single bubble level, a system has been constructed based upon simultaneous use of optical and acoustical trapping (NPL "sono-optical tweezers"), with the former providing the reference force calibration and a finer manipulation than the latter [6] . In the present study we characterize the optical potential as a function of laser beam (i.e. its power and diameter) and bubble size via comparison of the spring constant of the optical trap as a function of these parameters.
Optical manipulation of microbubbles
Low relative refractive index objects, such as microbubbles suspended in water, are more challenging to optically trap than high-index particles, as they are strongly repelled from the waist of a focused Gaussian laser beam by both scattering and gradient forces [7] . Microbubble trapping therefore requires alternative strategies. One method is to create a time-averaged optical potential by rapidly scanning a Gaussian laser beam around a microbubble at high frequency, thereby preventing it from diffusing away from the trap location [8] .
Another possibility is to use a Laguerre-Gaussian laser beam [9] [10] that, as a result of its phase structure, has an annular intensity profile that can confine a microbubble in the dark core. This solution has been applied to microbubbles to study their dynamics near a wall [11] or under acoustic excitation [12] .
In both these trapping geometries the maximum transverse force that can be applied to the microbubble before it escapes from the trap has been determined [10] [13] . Jones et al. [13] measured the trap spring constant as a function of laser power and microbubble size in the transverse plane by observing the capture dynamics of a microbubble as it was drawn into a scanning laser trap. The spring constant measures the curvature of the optical potential in the region of the bubble's equilibrium position, and is therefore more representative of the forces acting on the bubble.
In this work the optical potential of a microbubble confined in a Laguerre-Gaussian (LG or 'doughnut') beam trap was characterized by determining the transverse spring constant for this geometry. The spring constant was measured by video-microscopy of the Brownian fluctuations in the microbubble position, and subsequent particle tracking analysis. A ray optics model of optically trapped microbubbles in the LG beam trap is also presented, which highlighted key aspects of the physical behaviour of microbubbles in this form of optical trap.
MATERIALS AND METHODS

Experimental set-up
The optical set up was constructed upon a vibration isolating optical bench (Thorlabs). An upright microscope was designed using the base construction of the Thorlabs OTKB/M optical tweezers kit, but modified in order to incorporate additional instrumentation (see Figure 1 ).
The trapping laser was a single mode Nd:YAG laser (Laser Quantum, Ventus, maximum output power, P = 5W, wavelength, λ = 1064nm). The Laguerre-Gaussian (LG) laser mode required for optical trapping of bubbles was holographically generated via imprinting a helical phase, Φ = 2πL (L the topological charge) on to the beam via a phase only spatial light modulator (SLM), manufactured by Boulder Non-Linear Systems Inc (XY Series, 256x256 pixels). The SLM was modified by the manufacturer, so that it is possible to change its frame rate by changing the liquid crystal temperature: a fixed temperature of 30 o C, giving a frame rate of 160 Hz, was used in this work. Once shaped into the desired LG mode, the 1st order diffracted beam (containing up to 30% of the incident power) could be position controlled in the two transverse dimensions by applying a blazed phase grating across the beam, and the waist formed by focusing this beam could be moved in the third (axial) dimension by applying a quadratic (lensing) function ("defocus", in the following text). A two lens telescope in the 4f configuration expanded the beam to a diameter equal to that of the back aperture of the objective lens and conjugated the SLM plane with the back aperture. Ensuring that the full lens aperture is used was important here, as otherwise the effective numerical aperture of the lens decreased [7] . Conjugation of the SLM and back aperture planes ensures that the beam remains centred on the aperture when the phase grating function was applied to move the trap position. The beam was spatially filtered by inserting an iris in the Fourier plane of the first 4f lens, in order to ensure that there were no competing traps in the sample focal plane.
The trapping laser entered the microscope through a side port and was routed to the upper optics of the microscope, to be focused down into the sample plane. The focusing was provided by a high numerical aperture objective lens (Nikon, PLAN APO IR, 60x, 1.27NA, water immersion). The transmitted light was captured by an aspherical condenser (Thorlabs ACL2520) and directed toward a beam dump. A low pass filter before the beam dump allowed an LED illumination source to be coupled into the system, providing for illumination of the sample. A second low pass filter before the objective allowed this light to be detached from the trapping optical train and to be steered onto a CCD (Thorlabs DCU223M) for sample observation and video recordings with video frame rate up to 90fps.
The microbubble in the sample plane was contained in solution within a custom designed glass microchannel [W:0.43 mm, H: 0.33 mm, L: 2.5 mm] that enables the bubbles to be manipulated simultaneously with optical and acoustical forces. Optical access to the fluidic channel was guaranteed by a 0.17mm thick, polished flat surface above and below the trapping region. Acoustic forces, not used in this work, could be applied by an external PZT transducer, located at a corner of the structure (Figure 2a ). This study used Expancel 461-WU20 (Akzo Nobel): thermosoftening plastic shell microspheres containing a low boiling point hydrocarbon, that upon heating causes the particle to permanently expand. Once expanded (in boiling water for one minute), they had the size distribution depicted in Figure  2b (measured by optical microscopy), with a modal value of 8 μm. The inset in Figure 2b shows the diameters of the selection of bubbles used in this study. 
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The trap stiff [14] . Assuming a quadratic shape for the trapping potential, it was possible to characterize the restoring force by monitoring the Brownian motion of each trapped bubble. The histograms of the bubble position fluctuations along a single dimension had a Gaussian profile, as shown in Figure 3 , whose variance 〈x 2 〉 could be related to the spring constant via equipartition of energy as [16] :
where k B T is the thermal energy. 
MODELLING
In order to interpret the behaviour of a microbubble in the LG beam trap a ray-optics model of the optical forces acting on the microbubble was derived. Since the size of the bubbles used in this study are comparable with the wavelength of the trapping laser, the accuracy of this model in terms of providing quantitative estimates of the trapping forces was somewhat limited. It should, however, provide a good qualitative description of the experimentally observed behavior.
Ray Optics Model
The model follows the derivation of Ashkin [7] to find the trapping efficiency, Q, of a LG beam optical trap for a low relative-refractive index microbubble. The trapping efficiency is a dimensionless parameter that characterizes the fraction of optical momentum transferred from the beam to the trapped object. As described in Figure 4 , a ray initially parallel to the optical axis is incident on the objective at distance r from the axis, with the objective lens of size r max . The ray is refracted towards the focus of the objective, F, forming an angle ϕ with the propagation direction, and in its path it encounters the bubble (in point V), whose centre O is also the origin of the reference frame. The displacements S1 and S2 describe the position of the bubble relative to the focus, respectively in the radial and axial directions i.e. the focus F is positioned at (0,-S1,-S2) in the reference frame centred in O, as shown in Figure 4 . The ray transfers a fraction of momentum q s due to scattering (partial reflection) at the bubble surface in the direction ŝ, parallel to the direction of propagation of the beam, and a fraction q g due to refraction in the perpendicular direction, ĝ. The net fractional momentum transfers (trapping efficiencies) due to scattering, Q s , and refraction, Q g , that produce the scattering and gradient forces are the intensity-weighted sum of all rays incident on the bubble from across the aperture. The trapping efficiencies were calculated as a function of microbubble position in order to find the force acting on the microbubble for a range of parameters of microbubble size, LG beam mode index (topological charge) and beam power. 
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The model w (i.e. bubble ra low. At large of the annular a ratio of Γ = optical and buoyancy forces acting on the bubble. Varying the control parameters we observed that for a fixed bubble size the displacement from the waist of the axial equilibrium position increased with laser power, but decreased with trapping beam diameter. A maximum in the measured radial trap stiffness when the trap to bubble diameter ratio was / = 0.80 ±0.05 which was not evident in the time-averaged trap geometry studied previously. The transverse spring constant appears to vary linearly with laser power in the region of laser power parameters investigated, although the data is suggestive of nonlinear behavior outside this range. Further studies will look at the axial stiffness to make a quantitative comparison on the efficacy of trapping between the two methods for trapping microbubbles.
